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Black holes are considered as objects that can reveal quantum aspects of spacetime. Loop Quantum Grav-
ity (LQG) is a theory that propose a way to model the quantum spacetime behavior revealed by a black
hole. One recent prediction of this theory is the existence of sub-Planckian black holes, which have the
interesting property of self-duality. This property removes the black hole singularity and replaces it with
another asymptotically ﬂat region. In this work, we obtain the thermodynamical properties of this kind
of black holes, called self-dual black holes, using the Hamilton–Jacobi version of the tunneling formalism.
Moreover, using the tools of the tunneling approach, we investigate the emission spectrum of self-dual
black holes, and investigate if some information about the black hole initial state can be recovered during
the evaporation process. Back-reaction effects are included.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Black holes are objects predicted by general relativity whose
gravitational ﬁelds are so strong that no physical bodies or signals
can get loose of their pull and scape. In the seventies, through the
Hawking demonstration that all black holes emit black-body radi-
ation [1], the study of these objects obtained a position of signif-
icance going far beyond astrophysics. Actually, black holes appear
as objects that may help us to solve some of the most intrigu-
ing issues of the current days, which have been investigated, for
instance, at LHC [2,3]. Among these important issues, black holes
can help us to shed some light on the quantum nature of gravity.
It is because, in the presence of a black hole strong gravitational
ﬁeld, the quantum nature of spacetime must be manifested.
String theory and Loop Quantum Gravity have shown that the
origin of the black hole thermodynamics must be related with the
quantum structure of the spacetime. In this way, both theories
have given rise to models that afford a description of the quantum
spacetime revealed by a black hole. In particular, in the context of
Loop Quantum Gravity, a black hole metric, known as loop black
hole, or self-dual black hole [4,5], has been proposed. This new
kind of black hole has interesting features, like the property of
self-duality that removes the black hole singularity and replaces
it with another asymptotically ﬂat region, which is an expected ef-
fect in a quantum gravity regime. The issue of the thermodynamics
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dynamical aspects of the collapse and evaporation were studied
in [6], where the habitual Hawking formalism to derive the black
hole thermodynamical properties was used.
By the way, since Hawking proved that black holes can radi-
ate thermally [1], in a way that these objects are kinds of thermal
system and have thermodynamic relations among the quantities
describing them, several efforts in order to derive the temperature
and entropy of black holes have been done via various methods.
While Hawking used the quantum ﬁeld theory in curved space-
time in his original paper [1], there exist other methods which
give the same predictions [9–12]. In recent years, a semiclassical
method has been developed viewing Hawking radiation as a tun-
neling phenomena across the horizon [13–15]. The essential idea
is that the positive energy particle created just inside the horizon
can tunnel through the geometric barrier quantum mechanically,
and it is observed as the Hawking ﬂux at inﬁnity.
The black hole tunneling method has a lot of strengths when
compared to other methods for calculating the temperature. To
cite some of these strengths, we have that the tunneling method
is particularly interesting for calculating black hole temperature
since it provides a dynamical model of the black hole radiation,
which makes this approach very useful when one wishes to in-
corporate back-reaction effects in the description of the black hole
evaporation process. Although the various methods used to calcu-
late black hole thermodynamical properties have been successful
in doing this, they are not satisfactory in the sense that they do
not reveal the dynamical nature of the radiation process, since the
background geometry is ﬁxed mostly in these scenarios, including
the Hawking’s scenario. Besides, the calculations in the tunneling
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neling method is robust in the sense that it can be applied to a
wide variety of exotic spacetimes [16–28,32].
A particular and interesting feature of the tunneling method is
its suitable application in the analysis of quantum gravity effects
on black hole radiation. It is due to the fact that in the tunneling
formalism, the particle pairs are formed inside the event horizon
where one of the particles can tunnel quantically through the black
hole horizon. In this way, it is more natural to think that some in-
formation about the internal structure of black hole, including the
quantum gravity effects can be encoding in the black hole radia-
tion and be accessible to outside observers [33–38].
On the other hand, if black holes can help us to shed some
light on the quantum nature of gravity, self-dual black holes can
help us to have still more advance in this intend. For instance, one
of the most intricate problems of physics nowadays is the black
hole information loss problem. As Ashtekar and Bojowald [39] em-
phasized, in classical physics, we have the presence of singularities
in black hole solutions, in a way that, it is not a surprise that in-
formation is lost — it is still swallowed by the ﬁnal singularity.
However, in the self-dual black hole solution, the singularity is re-
solved by quantum gravity effects, then one hope that information
can be recovered during the evaporation process.
In this Letter, we will use the Hamilton–Jacobi version of the
tunneling formalism to investigate the thermodynamic properties
of self-dual black holes. We calculate the temperature and the en-
tropy of a non-rotating and non-charged self-dual black hole using
the Hamilton–Jacobi version of the tunneling method. The results
found out replicate those found in the references [5,7,8], showing
that the formalism of quantum tunneling can be successfully used
to calculate the entropy and temperature, thereby opening the way
for a whole range of applications of this formalism to the physics
of this type of black hole. Among the possible applications of the
tunneling formalism, we will investigate the emission spectrum
from a self-dual black hole using the quantum tunneling treatment
tools. Moreover, we investigate the possibility of information re-
covery through the calculation of the correlations between consec-
utive modes emitted during the self-dual black hole evaporation. In
order to perform the two last tasks back-reactions effects will be
taken into account. By the way, the tunneling formalism provides
a straightforward way to include such effects in the description of
black hole evaporation.
This Letter is organized as follows. In Section 2, we revise the
main aspects of the self-dual black hole scenario. In Section 3, we
use the tunneling treatment in order to calculate the thermody-
namical properties of self-dual black holes. In Section 4, we intro-
duce back-reaction effects to our discussions. In Section 5, we will
address the self-dual black hole emission spectrum in the context
of the tunneling formalism. In Section 6, we investigate the pos-
sibility of information recovery during black hole evaporation. The
last section is devoted to remarks and conclusions. In this Letter
we have considered, in most situations, = c = kB = G = 1.
2. Self-dual black holes
The self-dual black hole scenario was derived at ﬁrst in [4] from
a simpliﬁed model of Loop Quantum Gravity. This theory is based
on a canonical quantization of the Einstein’s ﬁeld equations written
in terms of new variables introduced by Ashtekar [40]. In this for-
malism, the equations that govern the behavior of the gravitational
ﬁeld are written in terms of an su(2) 3-dimensional connection A
and a triad E . In this way, the basis states of Loop Quantum Grav-
ity are closed graphs, with the edges labeled by irreducible su(2)
representations and the vertices by su(2) intertwiners. One of the
most signiﬁcant results of this theory is the discovery that certaingeometrical quantities, in particular area and volume, are repre-
sented by operators that have discrete eigenvalues. The edges of
the graph represent quanta of area, while the vertices of the graph
represent quanta of 3-volume.
The self-dual black hole metric, we will use in this work, rep-
resents a quantum gravitationally corrected Schwarzschild metric,
and can be expressed in the form
ds2 = −G(r)dt2 + F (r)−1 dr2 + H(r)dΩ2 (1)
with
dΩ2 = dθ2 + sin2 θ dφ2. (2)
In Eq. (1), the metric functions are given by
G(r) = (r − r+)(r − r−)(r + r∗)
2
r4 + a20
, (3)
F (r) = (r − r+)(r − r−)r
4
(r + r∗)2(r4 + a20)
, (4)
and
H(r) = r2 + a
2
0
r2
, (5)
where
r+ = 2m; r− = 2mP2.
The loop black hole has two horizons — an event horizon and a
Cauchy horizon.
Moreover, we have that
r∗ = √r+r− = 2mP , (6)
where P is the polymeric function given by
P =
√
1+ 2 − 1√
1+ 2 + 1 ; a0 =
Amin
8π
, (7)
where Amin is the minimal value of area in Loop Quantum Gravity.
In the above metric, r is only asymptotically the usual radial coor-
dinate since gθθ is not just r2. A more physical radial coordinate is
obtained from the form of the function H(r) in the metric (5)
R =
√
r2 + a
2
0
r2
(8)
in the sense that this measures the proper circumferential distance.
Moreover, the parameter m in the solution is related to the
ADM mass M by
M =m(1+ P )2. (9)
Eq. (8) reveals important aspects of the self-dual black hole in-
ternal structure. From this expression, we have that, as r decreases
from ∞ to 0, R ﬁrst decreases from ∞ to √2a0 at r = √a0 and
then increases again to ∞. The value of R associated with the
event horizon is given by
REH =
√
H(r+) =
√
(2m)2 +
(
a0
2m
)2
. (10)
The self-dual black hole spacetime has the interesting property
of self-duality. This property says that if one introduces the new
coordinates r˜ = a0/r and t˜ = tr2∗/a0, with r˜± = a0/r∓ the metric
preserves its form. The dual radius is given by rdual = r˜ = √a0 and
corresponds to the minimal possible surface element. Moreover,
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two asymptotic regions, one at inﬁnity and the other near the origin, which no
observer can reach in a ﬁnite time.
since Eq. (8) can be written as R = √r2 + r˜2, it is clear that the
solution contains another asymptotically ﬂat Schwarzschild region
rather than a singularity in the limit r → 0. This new region corre-
sponds to a Planck-sized wormhole, whose throat is described by
the Kantowski–Sachs solution. In this way, the black hole singular-
ity is replaced with another asymptotic region, so the collapsing
matter bounces and the black hole becomes part of a wormhole.
Fig. 1 shows the Carter–Penrose diagram for the self-dual black
hole.
The self-duality property confers to the loop black hole geome-
try interesting features that can contribute in a crucial way to the
Hawking radiation specially in the sub-Planckian regime. In this
way, we have that the self-duality property of the loop quantum
black holes can affect directly the measurement by an outside ob-
server of the quantum modes emitted by the black hole.
To understand this, we have that, in a microscopic mea-
surement (m < mP ), the Compton length is greater than the
Schwarzschild’s radius. In this way, the term 2m is neglected and
the measuring length is equal to the Compton length λc = 1m .
On the other hand, in a macroscopic measurement (m > mP ) the
omitting term is 1m . Consequently, one can say that the mass se-
lects the equation that can be used to the measurement, either
Schwarzschild’s radius or Compton length. This represents a trans-
formation between macroscopic scale and microscopic scale. In
the context of loop quantum black holes, the self-duality property
makes the transition between the microscopic and macroscopic
descriptions [4–8]. In this scenario, the symmetry of the self-dual
black hole metric under the transformation m →mP /m selects the
equations will be used to the measurement. As discussed in [41],
the self-dual black hole internal structure, which makes possible
this symmetry between the description of an inside black hole ob-
server and an outside observer, implies that the self-dual black
hole horizon must be fuzzy due to the obedience to a Generalized
Uncertainty Principle. In this way, the particles that tunnel through
black hole horizon, and form the Hawking radiation, must suffer
some inﬂuences from the quantum geometry of the spacetime.
Moreover, the self-dual black hole structure presents two pos-
sible situations, as have been described in the reference [41]. In
the ﬁrst one, the event horizon is outside the wormhole throat. In
order to have this situation, the condition r+ >
√
a0 is necessary.
It implies that m >
√
a0
lP
mP . In this case, the bounce occurs after
black hole formation for a super-Planckian loop black hole and
the exterior is then qualitatively similar to that of a Schwarzschild
black hole of the same mass. In this way, the metric outside theFig. 2. Embedding diagram of a spatial slice just outside the horizon of a sub-
Planckian Schwarzschild black hole.
Fig. 3. Embedding diagram of a spatial slice just outside the horizon of a sub-
Planckian self-dual black hole.
event horizon differs from Schwarzschild only by Planck-scale cor-
rections. A more interesting situation occurs in the sub-Planckian
regime, where the event horizon is the other side of the worm-
hole throat and the departure from the Schwarzschild metric is
then very signiﬁcant. In this case, the bounce occurs before the
event horizon forms. Consequentially, even if the horizon is quite
large (which it will be for m mP it will be invisible to observers
at r >
√
a0 ). This situation is illustrated in Figs. 2 and 3.
The derivation of the black hole’s thermodynamical properties
from the metric (1) is straightforward and proceeds in the usual
way. The Bekenstein–Hawking temperature TBH is given in terms
of the surface gravity κ by TBH = κ/2π , and
κ2 = −gμν gρσ∇μχρ∇νχσ = −1
2
gμν gρσ Γ
ρ
μ0Γ
σ
ν0, (11)
where χμ = (1,0,0,0) is a timelike Killing vector and Γ μσρ are the
connections coeﬃcients.
By connecting with the metric, one obtains that the self-dual
black hole temperature is given by
TH = (2m)
3(1− P2)
4π [(2m)4 + a20]
. (12)
This temperature coincides with the Hawking temperature in the
limit of large masses but goes to zero for m → 0. We remind the
reader that the black hole’s ADM mass M =m(1 + P )2 ≈m, since
P  1.
From the temperature, one obtains the black hole’s entropy by
making use of the thermodynamical relation SBH =
∫
dm/T (m).
Calculating this integral yields
S = 4π(1+ P )
2
(1− P2)
[
16m4 − a20
16m2
]
. (13)
In this way, self-dual black hole brings quantum corrections to
black hole temperature and entropy that can inﬂuence in the way
how black hole evaporates. Extensions of the self-dual black hole
solution to scenarios where charge and angular momentum are
preset can be found in [42]. No back-reaction effects have been
taken into account in these calculations.
In the next sections, we will calculate how the black hole tun-
neling spectrum will be modiﬁed by the quantum ﬂuctuations of
C.A.S. Silva, F.A. Brito / Physics Letters B 725 (2013) 456–462 459the spacetime present in the self-dual black hole geometry. The
black hole emission spectrum will be also investigated, as well as,
the possibility of some information can leak out during black hole
evaporation. In order to fulﬁll the two last tasks back-reactions ef-
fects will be taken into account. As we have emphasized in the
introduction, the tunneling formalism provides a straightforward
way to include such effects in the description of black hole evapo-
ration.
3. Quantum tunneling radiation from self-dual black holes
The ﬁrst black hole tunneling method developed was the Null
Geodesic Method used by Parikh and Wilczek[13,15], which fol-
lowed from the work by Kraus and Wilczek [43–45]. The other
approach to black hole tunneling is the Hamilton–Jacobi ansatz
used by Angheben et al., which is an extension of the complex
path analysis of Padmanabhan et al. [32,46–48]. In this Letter, we
will use the Hamilton–Jacobi method, since it is more direct. Our
calculations, using this method, involves consideration of an emit-
ted scalar particle, ignoring its self-gravitation, and assumes that
its action satisﬁes the relativistic Hamilton–Jacobi equation.
To begin with, we have that, near the black hole horizon, the
theory is dimensionally reduced to a 2-dimensional theory [49,
50] whose metric is just the (t − r) sector of the original metric
while the angular part is red-shifted away. Consequently the near-
horizon metric has the form
ds2 = −G(r)dt2 + F (r)−1 dr2. (14)
Moreover, the effective potential vanishes and there are no grey-
body factors.
Now, consider the Klein–Gordon equation

2gμν∇μ∇νφ −m2φ = 0 (15)
which, under the metric given by (14), gives us
−∂2t φ + Λ∂2r φ +
1
2
Λ′∂rφ − m
2
2
Gφ = 0, (16)
where Λ = F (r)G(r)
Since the typical radiation wavelength is of the order of the
black hole size, one might doubt whether a point particle descrip-
tion is appropriate. However, when the outgoing wave is traced
back towards the horizon, its wavelength, as measured by local
ﬁducial observers, is ever-increasingly blue-shifted. Near the hori-
zon, the radial wavenumber approaches inﬁnity and the point par-
ticle, or WKB, approximation is justiﬁed [13].
In this way, taking the standard WKB ansatz
φ(r, t) = e− i I(r,t), (17)
one can obtain the relativistic Hamilton–Jacobi equation with the
limit → 0,
(∂t I)
2 − Λ(∂r I)2 −m2 = 0. (18)
We seek a solution of the form
I(r, t) = −ωt + W (r). (19)
Solving for W (r) yields
W =
∫
dr
Ξ
√
ω2 −m2G, (20)
where Ξ = Λ1/2
In this point, we will adopt the proper spatial distance,Fig. 4. The tunneling probabilities for a semiclassical (thick line) and a self-dual
black hole (dashed line). The probability for a self-dual black hole to emit a quan-
tum of radiation coincides with the semiclassical probability for large values of
black hole mass. On the other hand, as the black hole approaches the Planck scale,
mainly as the black hole mass becomes less than the Planck mass, the two prob-
abilities becomes very different. We have considered ωm = 0.2 (the peak of the
emission spectrum [29–31]).
dσ 2 = dr
2
Ξ(r)
(21)
and, by taking the near-horizon approximation,
Ξ(r) = Ξ ′(rH )(r − rH ) + · · · , (22)
we ﬁnd that
σ = 2
√
r − rH√
Ξ ′(rH )
, (23)
where 0< σ < ∞.
In this way, the spatial part of the action function reads
W = 2
Ξ ′(rH )
∫
dσ
σ
√
ω2 − σ
2
4
m2G ′(rH )Ξ ′(rH )
= 2π iω
Ξ ′(rH )
+ real contribution. (24)
The tunneling probability for a particle with energy ω is given
by
Γ  Exp[−2 Im I] = Exp
{
−πω[(2m)
4 + a20]
m3(1− P2)
}
(25)
where we have put again = 1.
The expression above contains quantum corrections from LQG,
which originates from the metric (1) which is self-dual. Fig. 4
shows the tunneling probability for different values of black hole
mass. It is interesting to note that the tunneling probability for
super-Planckian black holes coincides with the semiclassical re-
sults. On the other hand, for sub-Planckian black holes, the tun-
neling probability deviates signiﬁcantly from semiclassical results.
In this way, the most signiﬁcant contributions to Hawking phe-
nomena from the self-dual black hole structure comes out in the
sub-Planckian regime, where the deviations from the semiclassical
results in the sub-Planckian regime must be related with the pres-
ence of a wormhole. In fact, in the sub-Planckian regime, the prob-
ability of the black hole emit decreases as the black hole shrinks.
It indicates that the modes that compose the black hole radiation,
in this situation, would be trapped by the wormhole.
The Hawking temperature for the self-dual black hole can be
obtained for a Boltzmann factor Γ ∼ e−βω , where β is the inverse
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line). The self-dual black hole temperature coincides with the semiclassical for large
values of black hole mass, but goes to zero as the black hole vanishes.
temperature β = 1/TH . In this way, the black hole temperature is
given by
TH = ω
2 Im I
= (2m)
3(1− P2)
4π [(2m)4 + a20]
. (26)
The expression above for black hole temperature has been found
by [5–8]. One can see that, in the limit of m large, it corresponds to
the Hawking temperature, but goes to zero for m → 0. (See Fig. 5.)
The black hole entropy in this framework is given by [5,7,8]
S = 4π(1+ P )
2
(1− P2)
[
16m4 − a20
16m2
]
. (27)
In this way, the temperature and the entropy of a self-dual
black hole have been obtained from the Hamilton–Jacobi version
of the tunneling formalism. These results show that tunneling for-
malism is straightforward in the treatment of loop black hole ther-
modynamics and pave the way for a whole sort of applications
inherited from the tunneling formalism.
4. Back-reaction effects
In the last section, we derive the black hole temperature and
entropy using the Hamilton–Jacobi version of the tunneling for-
malism at the tree level. Using the tunneling treatment, we have
arrived at the expressions previously obtained by [5,7,8], in a way
that this method is appropriate for analyze the thermodynam-
ics properties of this kind of black holes. However, although the
method used in the last section did manage to reproduce the
Hawking temperature for the loop black hole, it neglected the self-
gravitational effects of the radiating particle. In this way, it is nat-
ural to ask how one could generalized the results obtained above
in order to incorporate back-reaction effects. If it is possible, one
could make the formalism of self-dual black hole thermodynam-
ics viably in a quantum gravitational regime, like the proposed by
loop quantum black holes. In fact, self-gravitation effects should be
taken into account in the late stages of evaporation and the usual
picture for the emission process will lose its validity [13–15,32,44,
51–59] .
In the context of tunneling formalism, Parikh and Wilczek [13]
showed that, when back-reaction effects are taking into account,
one can obtain non-thermal corrections to the black hole radia-
tion spectrum. However, the form of the correction found out is
such that no statistical correlation between quanta emitted ap-
pears [14].Back-reaction effects was ﬁrst studied using the Hamilton–
Jacobi version of the tunneling formalism in [60], where the
method was developed for a single horizon black hole. Later, the
method was extended for black hole with more horizons [61,62].
This method shows that self-gravitational effects can be introduc-
ing when one takes the action I will be given by the relation
I = − i
2
[
S(M − ω) − S(M)], (28)
where M is the ADM mass of the black hole.
In this section, we will introduce back-reactions effects in the
tunneling formalism used to calculate the self-dual black hole tem-
perature. In our case, we will take into account the changing in the
mass parameter m related with the ADM mass through by Eq. (9),
and a reduction of ω in the ADM mass corresponds to a reduc-
tion of ε = ω/(1+ P )2 in m. In this way, let us write the action I
through the relation
I = − i
2
[
S(m − ε) − S(m)]
= −4π i(1+ P )
2
(1− P2) ε(ε − 2m)
[
16+ a
2
0
16m2(m − ε)2
]
, (29)
Γ (ε) = Exp{S(m − ε) − S(m)}
= Exp
{
4π(1+ P )2
(1− P2) ε(ε − 2m)
[
16+ a
2
0
16m2(m − ε)2
]}
.
(30)
In the next section, we will address how the quantum gravity
corrections present in the metric (1) changes the emission spec-
trum of a black hole where back-reaction will be considered.
5. Self-dual black hole emission spectrum in the presence of
back-reaction
In the presence of back-reaction, the left and the right moving
modes deﬁned inside and outside the horizon are connected by
[63–65]
φLin = φLout,
φRin = e
1
2SBHφRout. (31)
The physical state for the n number of non-interacting virtual
pairs, in the presence of back-reaction, can be written as
|ψ〉 = N
∑
n
∣∣nLin〉⊗ ∣∣nRin〉= N∑
n
e
1
2SBH
∣∣nLout〉⊗ ∣∣nRout〉 (32)
where nLout and n
R
out correspond, respectively to the n number of
left and right moving modes, and N is a normalization constant,
whose value can be determined by the normalization condition
〈ψ |ψ〉 = 1, which immediately yields N = (∑n enSBH )− 12 .
For bosons, we have that n = 0,1,2,3, . . . , in a way that the
sum gives us that
Nboson =
(
1− eSBH) 12 . (33)
For fermions, n = 0,1, we will have
Nfermion =
(
1+ eSBH)− 12 . (34)
The density matrix operator for bosons will be given by
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= (1− eSBH)∑
n,m
e
1
2nSBHe
1
2mSBH
× ∣∣nLout〉⊗ ∣∣nRout〉〈nLout∣∣⊗ 〈nRout∣∣. (35)
Tracing out the left moving modes, which cannot be detected
by observers living outside black hole, the density matrix for the
right moving modes will be
ρˆ = (1− eSBH)∑
n
enSBH
∣∣nRout〉〈nRout∣∣. (36)
From the equation above, we can obtain the average number of
particles detected at asymptotic inﬁnity
〈n〉boson = trace
(
nˆρˆRboson
)= (1− e−SBH)−1
=
{
−1+ Exp
{
−4π(1+ P )
2
(1− P2) ε(ε − 2m)
×
[
16+ a
2
0
16m2(m − ε)2
]}}−1
. (37)
In a similar way, one can ﬁnd out that the average number of
fermions detected at asymptotic inﬁnity is
〈n〉fermion = trace
(
nˆρˆRfermion
)= (1+ e−SBH)−1
=
{
1+ Exp
{
−4π(1+ P )
2
(1− P2) ε(ε − 2m)
×
[
16+ a
2
0
16m2(m − ε)2
]}}−1
.
In the next section, we will investigate if some information can
scape from the interior of a self-dual black hole. To do this we
will use the expression (25) to calculate the correlation function
between the modes emitted by the quantum black hole during the
evaporation process.
6. Recovery of information during self-dual black hole
evaporation
Since Hawking discovered that black holes can emit radiation,
a problem has been haunting the mind of physicists. This problem
is related to the fact that, during black hole evaporation, all in-
formation about the original quantum state that formed the black
hole seems to be lost, and a pure quantum state can evolve into a
mixed one, which implies that the principle of unitarity, which is
in the basis of quantum mechanics, can be violated in this frame-
work.
A natural question one can do is if the quantum gravity correc-
tion present in the loop quantum black holes’ metric could help us
to relieve the black hole information loss paradox. In this context,
the ﬁrst key result relevant to information loss is that the singular-
ity inside self-dual black holes is resolved. In order to investigate
if some information about the matter that formed the black hole
could be codiﬁed in the radiation of this kind of black holes due to
its quantum gravity effects, let us analyze the correlation function
between to modes emitted by a self-dual black hole. This correla-
tion function is given by
C(ε1 + ε2;ε1 + ε2) = ln
[
Γ (ε1 + ε2)
]− ln[Γ (ε1)Γ (ε2)]. (38)
From the expression (25), we have thatFig. 6. The correlation function between two consecutive modes emitted by a self-
dual black hole. We have considered ωm = 0.2 (the peak of the emission spectrum
[29–31]).
ln
[
Γ (ε1)
]= 4π(1+ P )2
(1− P )2 ε1(ε1 − 2m)
[
16+ a
2
0
16m2(m − ε1)2
]
,
(39)
ln
[
Γ (ε2)
]= 4π(1+ P )2
(1− P )2 ε2
[
ε2 − 2(m − ε1)
]
×
[
16+ a
2
0
16(m − ε1)2(m − ε2)2
]
, (40)
and
ln
[
Γ (ε1 + ε2)
]= 4π(1+ P )2
(1− P )2 (ε1 + ε2)(ε1 + ε2 − 2m)
×
[
16+ a
2
0
16m2(m − ε1 − ε2)2
]
. (41)
In a way that the correlation function between two consecutive
modes with energies ω1 and ω1 is
C(ε1 + ε2;ε1 + ε2)
= −πa
2
0(1+ P )2
4(1− P2)
{
(ε1 + ε2)(ε1 + ε2 − 2m)
(m − ε1 − ε2)2
−
[
ε1(ε1 − 2m)
m2(m − ε1)2 +
ε2(ε1 + ε2 − 2m)
(m − ε1)2(m − ε2)2
]}
, (42)
we can see that the correlation between the modes emitted by
a self-dual black hole is non-vanishing, but goes to zero when
a0 → 0. In this way, the existence of correlations in the radia-
tion emitted by the quantum black hole depends completely of the
quantum correction present in the metric (1). From Fig. 6, we can
see that the correlation functions goes to zero also when the black
hole becomes macroscopic.
7. Conclusions and remarks
In this work, we have used the Hamilton–Jacobi version of the
tunneling formalism to derive the temperature and entropy of a
self-dual black hole. The results found out correspond to that pre-
viously obtained by [5,7,8], where the usual Hawking calculation
was applied. The expression found out to the black hole temper-
ature depends on the quantum of area a0. The self-dual black
holes emission spectrum has been also investigated, where the
quantum corrections present in the black hole metric (1) have
a special role in the ﬁnal stages of black hole radiation process.
Moreover, the possibility of quantum information recovery during
462 C.A.S. Silva, F.A. Brito / Physics Letters B 725 (2013) 456–462the evaporation of a self-dual black hole has been investigated.
The results shows that the modes during the evaporation have a
non-vanishing correlation function which depends on the quan-
tum gravity corrections from the self-dual black hole metric. In this
way, information could be recovered in a loop black hole radiation.
In the works in the literature that address the thermodynamics
of self-dual black holes, no back-reaction has been taking into ac-
count in despite of the importance of these effects in a quantum
gravity scenario like the one proposed by Loop Quantum Gravity.
In the present work, we have use tunneling formalism in order
to introduce back-reaction in the description of the self-dual black
hole thermodynamics.
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